Background: Tumor-infiltrating lymphocytes (TIL) in colorectal tumor tissue are significantly correlated with a favorable prognosis, such as CD8+ lymphocytes, which are also called tumor-reactive lymphocytes. However, not all tumor-infiltrating T cells confer benefit to patients. Therefore, it is of substantial benefit to identify a biomarker to demarcate these tumor-reactive lymphocytes. Methods: We investigated whether ITGAE could be used to discriminate reactive CD8+ lymphocytes in colorectal cancer (CRC). TCGA colorectal cancer data sets (n1 = 492, n2 = 386) and FUSCC set (n3 = 276) were used in this study. Further phenotyping of ITGAE+ cells and the mechanistic basis were investigated. Findings: In the training and testing sets from TCGA, ITGAE expression, which is strongly correlated with cytotoxic T cell markers (CD8/CD3/PD1), independently predicted longer disease-free survival (DFS) and overall survival (OS). In line with this, the association between ITGAE+ lymphocytes and survival has been confirmed in the FUSCC cohort for validation (P = .026). ITGAE + cells in the series always co-stained with CD8 were preferentially located in the tumor. Interestingly, ITGAE+ lymphocytes tended to associate with the epithelial-mesenchymal transition (EMT) with decreased Snail and increased E-cadherin expression accompanied. Finally, gene set enrichment analysis showed that immune activation was significantly enriched in the high ITGAE+ TIL group, accompanied by enriched EMT-related pathways. Interpretation: Because of the specified expression of tumor-reactive CD8+ T-cells, ITGAE may be a promising biomarker for the rapid identification of immune infiltration in CRC.
Introduction
Colorectal cancer is the fourth most common cancer worldwide, and its overall 5-year survival rate is approximately 50% [1] . In addition to pathological staging, histological subtype, and the extent of the surgical procedure, the presence of tumor-infiltrating lymphocytes (TIL) in surgically resected tumor tissue is also significantly correlated with favorable prognosis [2] . Indeed, the accumulation of CD8+ TIL has been demonstrated to associate with an improved prognosis for patients in several malignances [3, 4] . In contrast, the presence of CD8+ TIL has not been consistently found to confer a survival benefit. Herein, a distinction has frequently focused on CD8+ TIL infiltrating the epithelial nests versus the surrounding stroma, while this approach has not been determined to identify the localization-related prognosis for CD8+ TIL [3, 5, 6] . In other words, the approach depending on the demarcation of epithelial and stromal regions is inaccurate and nontrivial in many malignances. Therefore, it is of substantial benefit to identify a biomarker for demarcating tumor-reactive cells.
Recent reports have suggested that ITGAE (integrin, alpha E), also named CD103, plays a vital role in anti-cancer immunity. For example, ITGAE can recognize aberrant cells via cytotoxic T cells in colon, lung and pancreatic cancer [7] [8] [9] . In addition, ITGAE+ T cells were identified as an effector memory phenotype [10] . Ultimately, ITGAE expression was profoundly upregulated in lymphocytes when TIL migrated to the tumor and co-engaged with TCR and TGF-β receptors at the site of the lesion [11] . Together, these observations led us to hypothesize that ITGAE expression might identify tumor-reactive cells that confer a favorable prognosis in colorectal cancers. Therefore, the aim of our study was to determine whether ITGAE+ TIL were associated with prolonged prognosis and whether the expression of ITGAE defined tumor-reactive CD8+ cells in colorectal cancers. Furthermore, we explored the mechanistic basis of our findings and whether the ITGAE+ TIL behaviors affected the epithelial-mesenchymal transition (EMT) to influence the patient's outcome in CRC. 
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Study Population
This study included three independent cohorts of CRC patients. The discovery cohort enrolling 492 CRC and testing sets including 386 consecutive patients, were obtained from the Cancer Genome Atlas (TCGA) database available from Cancer Genomics Browser of the University of California Santa Cruz (https://genome-cancer.ucsc.edu/). The pattern of ITGAE expression relative to that of other immunomarkers [12] was directly visualized with a heatmap using GraphPad Prism. The validation set enrolling 276 CRC patients was obtained from Fudan University Shanghai Cancer Center (FUSCC) between 2007 and 2009. Only patients with fully characterized tumors, intact overall survival (OS) or disease-free survival (DFS) were included. All patient data were collected, such as: age at the diagnosis, race, tumor localization, diagnostic year, tumor diameter, histological grade, number of lymph nodes retrieved, post-operative multimodal treatment (adjuvant chemotherapy or radiation), details of surgical procedures, complications rate, postoperative histopathology, and follow-up information (date of last visit, tumor relapse, tumor-related or unrelated death, overall survival: OS and disease-free survival: DFS). All patients from the FUSCC dataset provided written informed consent. The research protocol was reviewed and approved by the institutional review board of the FUSCC.
Tissue Microarray (TMA) Construction and Immunohistochemistry (IHC) Staining
In all, 276 unselected, non-consecutive, primary colorectal cancers were enrolled form January 2007 to November 2009 in FUSCC to construct the tissue microarray(TMA). Construction of this TMA has been previously described in detail [13] . Briefly for IHC, after deparaffinization of tissue blocks, antigen retrieval was performed in antigen retrieval solution at 100°C for 15 min. Then primary antibody incubation were performed with one appropriate antibody , Snail antibody (1:400) from Abcam; antiCD3e(1:200), CD8a(1:200), FOXP3(1:400), E-cadherin(1:400), CD56(1:800) from Cell Signaling Technology] overnight at 4°C, separately. Secondary antibody, anti-rabbit/mouse horse radish peroxidase (HRP) (Gene Tech, China), was applied and hematoxylin was used for counterstaining for 1 h. The number of positive cells per field was estimated using Image-Pro Plus 6.0 (Media Cybernetics Inc., Bethesda, MD, USA). The immunostaining was evaluated by two oncologists blinded to the clinical information. The cutoff values for survival analysis were determined by X-Tile 3.6.1 software 11 (Yale University, New Haven, CT, USA).
Regarding EMT markers, the staining intensity was scored as 0 (negative), 1 (weak), 2 (medium) or 3 (strong). The extent of staining was scored as 0 (b5%), 1(5-25%), 2 (26-50%), 3 (51-75%) and 4 (N75%) according to the percentage of the positive staining area in relation to the whole carcinoma area. We multiplied the percentage score by the staining intensity score to generate the immunoreactivity score (IRS). E-cadherin was scored as negative (final score ≤ 2) and positive (final score ≥ 3), and Snail was scored as negative (final score ≤ 2) and positive (final score ≥ 3), respectively.
Immunofluorescent Analysis of ITGAE+ cells' Phenotype
Antigen retrieval and incubation with the primary antibody of the full tumor were performed as described for TMA above. Then, Alexa Fluor 488 and 594 or goat anti-rabbit or mouse (1:200, Invitrogen) was used as the secondary antibody for an hour at room temperature. Ultimately, nuclei were stained with DAPI for 5 min when necessary. Fluorescence images were photographed with a fluorescence microscope. Within each tumor core, single positive (ITGAE or CD8) cells as well as double-positive (ITGAE and CD8) cells were counted manually.
Gene Set Enrichment Analysis (GSEA) and Differential Expression Analysis
GSEA was carried out to determine the pathways that were significantly enriched between low and high ITGAE+ lymphocyte infiltration samples [14] . One thousand random sample permutations were performed. If we identified a gene set with a positive enrichment score, the set was defined as "enriched" when the majority of its members were highly expressed accompanied by a higher risk score.
We used edge R to analyze the differential gene expression. Significantly altered genes between low and high ITGAE+ lymphocyte infiltration samples were defined as expressed genes with FDR-adjusted p-valueb.05 and a change of at least two-fold.
Statistical Analysis
Statistical evaluation was performed using IBM SPSS statistics Version 22 (SPSS Inc.; IBM Corporation Software Group, Somers, NY, USA). All quantification data are presented as mean ± s.d. Statistically significant differences were determined by one-way ANOVA test and Student's t-test. All statistical tests were two-sided, and P-values b.05 were considered to be statistically significant. OS and DFS were estimated with the Kaplan-Meier method, and the log-rank (Mantel-Cox) test was used to compare independent subgroups. Cox proportional hazard models were used to investigate the effect on survival of multivariable relationships among covariates, including the age at diagnosis, gender, stage at diagnosis, histological type, histological grade and treatment. Stage, status of perineural and vascular invasion or any known clinical characteristics that could affect the prognosis were the stratified variables. Hazard ratios (HRs) and 95% confidence intervals (CIs) for multivariate analyses were computed using the Cox proportional hazard regression models.
Research in context
Evidence before this study It have been previously demonstrated that an improved prognosis for patients was associated with accumulation of CD8+ TIL in several malignances. By contrast, presence of CD8+ CTL was not consistently found to confer survival benefit to patients. Therefore, it is of substantial benefit to identify a biomarker for demarcating tumor-reactive cells.
Added value of this study
The association between ITGAE+ lymphocytes and survival has been confirmed in the TCGA and FUSCC cohorts. ITGAE + cells in the series always co-stained with CD8 were preferentially located in the tumor. Interestingly, ITGAE+ lymphocytes tended to associate with the epithelial-mesenchymal transition (EMT) with decreased Snail and increased E-cadherin expression accompanied.
Implications of all available evidence
ITGAE+ CD8+ lymphocyte infiltration plays a vital role in the antitumor immune response, and ITGAE has been identified as a biomarker of tumor-reactive CD8+ TIL.
Results
Predictive Value of ITGAE and Association with an Immune Signature in TCGA
To explore the utility of ITGAE as a biomarker of a tumor-reactive lymphocyte response in colorectal cancer, we first assessed the distribution pattern of ITGAE mRNA in the Cancer Genome Atlas (TCGA) colorectal cancer data set. ITGAE expression was found to be closely correlated with the expression levels of reactive tumor lymphocyte markers (CD3e-g, CD2), exhaustion molecules (PD1, TIGIT), antigenpresenting molecules (HLA-DRA1, HLA\ \B1, HLA-DQA1) and B cell biomarkers (CD19). Therefore, increased ITGAE expression stratified the immunologically "hot" tumors in the colorectal cancer cohort (Fig. 1a) .
In the discovery set (TCGA), we used the X-tile program to determine the cut-off value of the ITGAE mRNA levels in tumor tissue: For pairwise analysis, the correlation with ITGAE expression was calculated by spearman. b: Kaplan-Meier curves demonstrating overall survival of patients in the discovery set (TCGA) divided by ITGAE mRNA expression for the total cohort (b1) and for the right-side colon cancer sub-group (b2). c: Kaplan-Meier curves demonstrating relapse-free survival of patients in the testing set (TCGA) divided by ITGAE mRNA expression for the total cohort (c1) and for the right-side colon cancer sub-group (c2).
1.847. Then, patients with high and low levels of ITGAE expression were identified for further analysis (≤1.847 for the low ITGAE group and N 1.847 for the high ITGAE group). Kaplan-Meier survival analysis was carried out to compare overall survival (OS) according to ITGAE expression, and significantly improved OS was found in the high ITGAE group (Fig. 1 b1 , log-rank test = 4.721, P = .03). Furthermore, a much stronger association of ITGAE expression with regard to patient survival and prognosis was observed in the right-side colon cancer group (Fig. 1 b2 , log-rank test = 5.581, P = .018).
In the testing set (TCGA), we observed a prolonged relapse-free survival of 2718 days in the high ITGAE expression group versus 2653 days in the low ITGAE expression group, although no significance was seen ( Fig. 1 c1 , log-rank test = 1.413, P = .235). Notably, in the right-side colon cancer group, high ITGAE expression was significantly associated with significantly improved relapse-free survival ( Fig. 1 c2 , log-rank test = 5.966, P = .015). The baseline characteristics of the patients in TCGA were found in supplementary Table 1.
Association of ITGAE+ and CD8+ T Cells with Survival in FUSCC
To consolidate our findings in the discovery and testing sets from TCGA data, we identified the infiltration of ITGAE+ cells by TMA in a FUSCC cohort with colorectal cancer patients ( Supplementary  Fig. 1 displaying representative image of high and low infiltration). Table 1 shows the baseline characteristics of the patients with high and low ITGAE+ cell quantification. The number of ITGAE+ lymphocytes was evaluable, and the cutoff number was identified as 31 per tissue core. A high infiltration group of total ITGAE+ lymphocytes was defined as N31 ITGAE+ lymphocytes per tissue core, while others exhibiting lower numbers were defined as the low infiltration group. Overall survival (OS) analysis based on the infiltration of ITGAE+ cells revealed significantly improved survival in the high infiltration group (Fig. 2 a1; p b .001) . Consistent results were obtained when disease-free survival was analyzed (Fig. 2 a2) . Univariate and multivariate analyses for OS and DFS were carried out (Table 2 and  Table 3 ). Finally, multivariate analysis of ITGAE+ cell infiltration and clinicopathological factors revealed that ITGAE was an independent prognostic factor for OS and DFS.
Meanwhile, we compared the overall survival and disease-free survival rates in patients with different levels of infiltrating CD8+ cells. An increased infiltration of CD8+ cells (high score) was significantly associated with an improved prognosis (p = .017, Fig. 2 b1) . A similar association was seen in the disease-free survival rates (p = .02, Fig. 2 b2) . Previous studies have shown that only tumorreactive CD8+ lymphocytes are associated with survival prognosis in cancers, while the locations (epithelium or stroma) of these antitumor CD8+ lymphocytes were not specified accordingly. Herein, biomarkers were used to demarcate anti-tumor CD8+ lymphocytes, which obviated the need to precisely account for their localizations within the tumor.
Finally, we attempted to determine whether ITGAE+ cells primarily accounted for the observed prognostic effect conferred by CD8+ lymphocytes in CRC. Positive staining for both ITGAE+ and CD8+ TIL was present in the majority of species, which was associated with an improved prognosis. However, tumors with CD8+ TIL but lacking ITGAE expression (CD8+/ITGAE-) were not associated with improved survival (p N .05, Fig. 2 c1-c2 ), suggesting that it was the ITGAE+ TIL that primarily accounted for improved prognosis in CRC.
ITGAE Demarcates CD8+ TIL
To identify the phenotype of ITGAE+ TIL in colorectal cancer, CD3, CD8, FoxP3, CD56 and ITGAE were stained. Multi-colour fluorescence staining of the cancer tissue showed that ITGAE+ cells always co-stained with CD8, and CD3 (a lymphocyte marker), suggesting a CD8+ ITGAE+ lymphocyte phenotype (Fig. 3a) . Furthermore, ITGAE+ TIL were resided in both the tumor stroma and the tumor epithelium (Fig. 3b) . Above all, no ITGAE+ TILs that presented in the tissue were negative for CD8 and CD3, indicating lymphocyte phenotype (Fig. 3b-3c ). In addition, ITGAE+ lymphocytes in the cancer tissue were negative for FOXP3 and CD56 (Fig. 3d-3e ). At last, the correlation between ITGAE+ and CD8+ cells was strongly close, demonstrated in Fig.3f-3g .
To validate these findings, we analyzed the interaction between ITGAE+ and CD8+ cells in the adjacent normal epithelium. The number of CD8+ cells in normal epithelium was significantly higher than the total number of ITGAE+ lymphocytes, and we also could observe the ITGAE co-stained with CD8 in the lymphocytes, in which ITGAE+ lymphocytes appeared to distribute exclusively. What is more, ITGAE cells in the healthy normal epithelium were negative for CD3, suggesting a non-T-cell origin. Taken together, these findings demonstrated that the ITGAE+ cells in colorectal cancer tissue were predominantly CD8+ T cells (Fig. 4a-4c) .
Correlation of ITGAE+ TIL with EMT Markers
The epithelial-mesenchymal transition marker E-cadherin and the representative transcriptional factor Snail were also detected. The relationships between ITGAE+ cells and EMT markers were analyzed in TMA. ITGAE+ lymphocytes tended to decrease Snail expression and increase E-cadherin expression (Table 4) . Fluorescent microscopy demonstrated that ITGAE+ TILs in colorectal cancer were accompanied by high E-cadherin expression, a hallmark of the epithelial-mesenchymal transition. To confirm signs of the inhibited EMT signaling induced by ITGAE+ TIL from CRC, the simultaneous expression of ITGAE and nuclear Snail was examined. It was found that tumor islets surrounded by ITGAE+ cells were all characterized by weak nuclear Snail staining (Fig. 5) .
Identification of ITGAE+ Lymphocyte-Associated Biological Pathways and Processes
Gene set enrichment analysis (GSEA) [15] was performed to determine the related biologic processes and signaling pathways. First, the differential gene expression profiles of colorectal cancer patients with high and low ITGAE+ lymphocytes were compared. We found that numerous cytokines and chemokines relative to immune filtration were significantly elevated in the ITGAE+ lymphocyte group (Fig. 6a) . Interferon-response chemokines (CXCL9-10, and CXCL11), which accounted for the migration of activated T cells and enhanced the anti-tumor activity, increased significantly in the high ITGAE+ lymphocyte infiltration group. These results validated that high ITGAE+ lymphocytes correlated with immune activation in the niche of CRC.
Meanwhile, several immune-related pathways, such as inflammatory response, interferon alpha and gamma activation, were enriched in the high ITGAE+ lymphocyte infiltration group (Fig. 6 b1-b3 ). These findings indicated that the presence of high ITGAE+ lymphocytes was associated with the positive regulation of lymphocyte activation in CRC, which also explained that patients with high ITGAE+ lymphocyte infiltration had longer survival than those with low ITGAE+ lymphocyte infiltration. Interestingly, additional EMT-related pathways were associated with the ITGAE+ lymphocytes group (Fig. 6 c1-c2) , including IL2-STAT5 and IL6-JAK-STAT3 signaling. JAK/STAT signaling is essential for the epithelial-mesenchymal transition in cancer cells. These results suggested that the recruitment of ITGAE+ lymphocytes was associated with the modulation of EMT in CRC, which was consistent with altered E-cadherin expression.
Discussion
Utilizing these three independent sets of colorectal cancers, we demonstrated that infiltrating ITGAE+ lymphocytes were closely associated with survival in colorectal cancer patients. Moreover, ITGAE can be regarded as a potential biomarker to discriminate the active phenotype of CD8+ lymphocytes in CRC. Using correlation analysis, ITGAE+ lymphocyte infiltration was not only accompanied by active CD8+ lymphocyte recruitment but also inherently associated with EMT. These results explained that patients with high ITGAE+ lymphocyte infiltration had longer survival times than those with low ITGAE+ lymphocyte infiltration.
ITGAE+ lymphocytes are an important component of the colorectal cancer microenvironment and are positively associated with survival, as demonstrated in this study. To explain this, the increase in ITGAE showed simultaneous T cell activation. With regard to the phenotype and ontogeny of ITGAE+ lymphocytes in human malignancies, diversity remains. In lung cancer patients, the role of ITGAE integrin was demonstrated in lung tumor-infiltrating lymphocyte (TIL) clones to enhance specific TCR-mediated tumor cell cytotoxicity [16] . ITGAE+ lymphocytes were characterized by tissue-resident memory T cell transcriptomic and phenotypic signatures. More importantly, PD-1 and Tim-3 checkpoint receptors were frequently co-expressed simultaneously with ITGAE, thus increasing immune-induced cell death and modulating specific cytolytic activity toward autologous tumor cells upon blocking the PD-1/PD-L1 interaction. In pancreatic cancer, ITGAE+ lymphocytes were defined as activated cytolytic lymphocytes contributing to tumor lysis, as well as the maturation of the cytotoxic immune synapsis [8, 9, 17] . In addition, cytotoxic T lymphocytes from CD103 elevated tumors displayed features of enhanced cytotoxicity, then predicted a better survival prognosis in lung cancer [30] . In this study, we also demonstrated dominant ITGAE and CD8 co-staining in colorectal cancer and normal epithelium, while the precise differentiation status has not been explored. ITGAE may play a role in programing CD8+ T cell residency [31] . As the colorectal epithelium functions as a barrier against pathogens, we extrapolated that tissue-resident memory T cells may also be characterized by ITGAE. However, in the niche of tumor-specific immune responses, the majority of ITGAE+ lymphocytes are likely tumor-reactive and potentially tumorlytic-infiltrating lymphocytes. More importantly in this study, a close correlation between elevated ITGAE+ lymphocyte infiltration and improved survival of CRC was demonstrated with no need to discriminate their location in epithelial or stromal regions. Our findings implied that active CD8+ TIL in CRC was demarcated by the expression of ITGAE and suggested that these cells were induced and recruited as a result of the tumor immune response. Consistent results were observed in ovarian cancer, and ITGAE+ lymphocytes were also linked with prolonged patient survival, serving as a predicting marker to enrich the most beneficial subsets of TILs for the immuno-response [18] . In cervical cancer, dense ITGAE+ lymphocyte infiltration was strongly associated with a better prognosis than low ITGAE + lymphocyte infiltration, and ITGAE seemed to be a more precise predictor of outcome than CD8 [19] . Meanwhile, increased numbers of ITGAE+/CD8+ TIL were resided frequently in microsatellite instability (MSI) colorectal cancers, which may contribute improved prognosis [32] . These results suggested that ITGAE alone may be considered an excellent biomarker for tumor-reactive T cells in CRC. Conversely, not all correlations between total CD8+, CD3+, CD45+ or FOXP3+ TIL and patient survival were observed, unless they were located in specific tumor regions, even though inconsistency remained. Thus, ITGAE identified a subpopulation of CD8+ T cells with a reactive phenotype that more accurately predicted patient outcome. In addition, through GSEA, we found that the filtration of dense ITGAE+ lymphocytes was associated with the positive regulation of the inflammatory response, interferon alpha and gamma activation in CRC patients. Furthermore, cancers with high ITGAE+ lymphocytes exhibited significantly increased levels of interferon-response chemokines (CXCL9-10, and CXCL11), which contributed to the modulation of the migration of activated T cells, NK cells and enhanced the anti-tumoral response [20] [21] [22] . These results suggested that high ITGAE+ lymphocytes correlated with immune activation in the niche of CRC. Therefore, ITGAE+ lymphocytes might serve as an independent prognostic factor in stratifying and selecting colorectal patients with prolonged survivals.
The tumor-associated immune niche was significantly correlated with EMT. As in gastric cancer, an inflammatory microenvironment that recruits macrophages can contribute to EMT by secreting transforming inducers such as TNF-α, TGF-β, 24] . However, the modulation of EMT by the tumor immune microenvironment was poorly explored. The majority of reports so far have focused on the M2-like macrophage phenotype, which was first proven to induce tumor metastasis and EMT [25, 26] . In this study, ITGAE+ lymphocytes were found to be associated with increased E-cadherin expression and accompanied by decreased Snail expression. E-cadherin belongs to the cell adhesion molecule, whose expression on the membrane has been regarded as the hallmark of EMT [27] . It demonstrated that ITGAE + lymphocytes had the potential to fight against malignant cells with EMT traits. However, it is still unclear whether immune cells could eliminate aberrant cells with EMT traits or support tumor cells to become more EMT-like. Our study also has limitations. The primary limitation concerns the TMA approach, which may only partly evaluate tissue and tumor heterogeneity. However, our analyses have shown that duplicate TMA cores are sufficient to overcome sampling bias [28, 29] . In addition, two independent TCGA sets were utilized to find an almost perfect agreement concerning ITGAE + lymphocyte infiltration. Still, variations in the amount of tumor stroma and epithelium among different tumors might have confounded the results. Our study included only patients with resected cancers, which might also induce the biased exclusion of unresectable patients.
Taken together, we demonstrated for the first time that ITGAE+ CD8+ lymphocyte infiltration plays a vital role in the antitumor immune response, and ITGAE has been identified as a biomarker of tumor-reactive CD8+ TIL. In this mechanism, ITGAE+ lymphocytes may even associate with interferon-response chemokines and EMT signaling and then serve as an independent predictor in colorectal cancers.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2018.08.003.
Representative images of tissue cores as high (a), or low infiltration (b). 
